During the long-term exploitation of railway tracks, possible changes in ground conditions may result in downgrading the quality of the drainage systems. Th e lack of adequate drainage of the track substructure leads to a lowering of the track formation cohesion ensured during the track construction phase as a result of ballast tamping. Th is potentially leads to pushing ballast into the subsoil, aff ecting the ballast which is present directly below the sleepers loaded during passage of the vehicles. As a result, the sleepers are no longer supported by ballast. Th e loss of support may aff ect a single sleeper or a set of neighbouring sleepers, depending of the length of the zone with inadequate drainage. Rail vehicle runs over such zones cause track vertical irregularities. Th is article is devoted to analysis of the infl uence of such irregularities on the rail vehicle dynamics. An arrangement model comprising a passenger coach and ballasted track was created with the VI-Rail tool. Coach runs were simulated within the range of operational speeds. Attention was paid to observation of the wheelrail contact forces, which appeared during runs over diff erent lengths of vertical irregularities. Th e obtained results are compared with currently binding criteria and regulations.
Introduction
Th e long-term exploitation of railway tracks causes gradual downgrading, which is sometimes signifi cantly diff erent on neighbouring pieces of track. Th is is a complex process aff ected by many factors. Subsoil properties which may change over long-term track exploitation belong to such factors. Track wear results in irregularities with diff erent values and diff erent directions. Irregularities grow with time and the transported mass of goods and directly infl uence the dynamics of the vehicle-track interaction [8] . Generally, track irregularities are subdivided into vertical and lateral direction [1, 13] . Within the research works presented below, the infl uences of vertical irregularities only were analysed. Th e appearance and increase of such irregularities is caused, among others, by non-uniform track lowering usually caused by adverse subsoil properties. (e.g. limited rain water passage). Usually, in such cases, the defl ection of one or both rails takes place, over the distance of three or more neighbouring sleepers. Th e so-called "mud outfl ow" is the fi nal stage of such damage, indicating the loss of support for part of or the whole sleeper (see Figure 1 ). Track defl ection initiated on a single sleeper causes an increase in the forces with which wheelsets act on neighbouring sleepers. As a result, both the lowering of those sleepers and length of the track irregularity zone grow when wheelsets pass. Th e consequences of such damage lead directly to permanent track deformations and create a real vehicle derailment risk [2, 12, 15 ].
Aim and range of research
Dynamic vehicle-track interactions due to running over a single longitudinal irregularity caused by a lack of support for, respectively: one, two and three neighbouring sleepers under one rail were tested (see Figure 2 ). Each passing vehicle wheelset causes (right) rail vertical defl ection and the appearance of track twist [1, 13] . Assuming a typical arrangement of sleepers in a track of 0.65 m [1, 13, 14] , depending on the number of sleepers without ballast support, the obtained length of the wave of longitudinal irregularity may be equal to: L = 2.6 m -for one unsupported sleeper, L = 3.9 m -for two unsupported sleepers, L = 5.2 m -for three unsupported sleepers. Th e rail defl ection amplitude A depends, among others, on the vertical load caused by wheelsets. For the tests which are presented in this article, a constant value of A = 0.01 m was assumed. An irregularity is interpolated in simulations by half of sine wave with a period and amplitude respective to the values L and A given above. Th e distance between wheelsets in a bogie of the coach in the model equals 2a = 2.5 m. Th erefore, for each L value, a run over the irregularity causes track twist and creates a hazard of abrupt change in the values of wheel-rail contact forces [9] .
Moreover, this also causes a derailment risk, especially for vehicles with high wheelset guiding rigidity (e.g. for cargo wagons) [15] . Th e chosen parameters of the vehicle-track interaction were tested (in the article, wheel-rail forces) for vehicle runs with speeds from 5 to 60 m/s on a straight track with a vertical irregularity representing the loss of support under, respectively, one, two and three sleepers (see Figure 3 ). Th e fi rst stage of the tests refl ects the loss of sleeper support under one rail (right rail -see Figure 2 ). Th e second stage refl ects the symmetrical loss of support under both rails. Th e track is assumed to have no other irregularities. Th e critical velocity for the tested vehicle in the model equals v n = 61.7 m/s [36]. Th erefore, running over the irregularity is the only cause of the observed changes in parameters (there are no conditions favourable e.g. for self-excited vibrations appearance) [16, 18] . 
Tested model
Th e model was created with the VI-Rail engineering soft ware. Th is is a discrete model of a type 127A passenger coach (see Figure 4 ). Bogie models are based on a 25AN construction. Th e complete coach model is composed of 15 rigid bodies: coach body, two bogie frames, four wheelsets and eight axle-boxes. Rigid bodies are connected with elastic-dumping elements having linear and bi-linear characteristics. Th e coach model is complemented by vertically and laterally fl exible track model refl ecting parameters corresponding to European ballasted track. Nominal profi les of S1002 wheels and UIC60 rails with the inclination 1:40 were used. Th e non-linear contact parameters are calculated with the ArgeCare RSGEO soft ware. For calculating static wheel-rail contact forces, simplifi ed Kalker theory is used and implemented as the FASTSIM procedure [8] . Motion equations are solved with use of the Gear procedure. A more detailed description of the model can be found in [46 and 16].
Test results

Lack of sleeper support under a single rail
Wheel-rail contact forces are particularly important for running safety. Changes in those forces were observed for the fi rst wheelset on the right rail. Th e results of a run simulation with a velocity of 20 m/s are shown in Figure 5 . In this case, the track has an irregularity corresponding to two unsupported sleepers (L = 3.9 m). From each simulation, the minimum value (min) and maximum value (max) of the vertical force Q and lateral force Y are read.
In the tested model, the constant value Q stat is determined by the static vertical load for each wheel and equals 55 390 N [4] . While the coach running velocity is being increased, the maximum values increase and minimum values decrease for vertical forces. Corre-lating the read results obtained for running speeds in a range of coach movement 5...60 m/s resulted in preparation of the graphs shown in Figure 6 . It can be seen that there is a characteristic running velocity, depending on the wave length of the irregularity, for which the minimum value of the vertical force Q min reaches zero. Th is value increases with an increase in the length of the irregularity and equals: for L = 2.6 m -16 m/s, for L = 3.9 m -26 m/s, and for L = 5.2 m -32 m/s. In theoretical considerations, this means a temporary increase in the value of the derailment safety coeffi cient Y/Q up to extremely high values (theoretically up to ) [12, 15] . In reality, this can mean a temporary loss of wheel-rail contact which creates a derailment hazard. Th e maximum values of the vertical contact force also depend on the length of the irregularity. According to the standard [7] , the limit of permissible values for the track impacting vertical forces Q max,lim depend on the maximum permissible vehicle velocity which is reached on the analysed track section v adm and can reach: For each tested irregularity wave length, the vertical forces impacting the track increase together with increased velocity. Only for the shortest irregularity wave, do they reach and exceed permissible values (see Figure  8a ). For the velocity of about 52 m/s (about 187.2 km/h) the highest permissible value Q max,lim = 200 kN is exceeded. Th is is not an issue, as permissible velocity then equals v adm  160 km/h. However, for the velocity of about 44 m/s (about 158.4 km/h) Q max,lim = 160 kN is exceeded, which is permissible on track sections with the maximum allowed velocity v adm > 300 km/h. Th e appearance of such an irregularity therefore creates a substantial constraint for making use of high velocity running possibilities on routes adjusted for such velocities (High Speed Railways). For the higher irregularity Extreme absolute values of the lateral forces with which the wheel passing the irregularity impacts on the track |Y| are correlated in Figure 8b . Th ose forces increase with increased velocity. Th e permissible value of the lateral force acting on the track for the tested vehicle-track model was defi ned in earlier tests [4] on the basis of the Prud'homme criterion. Th e value of this force has been estimated to be Y (2m) = 39 950 N. Respecting this value ensures the maintenance of rail and sleeper positioning in relation to the track ballast. It can be spotted that only for the shortest wave irregularity L = 2.6 m is the permissible value exceeded for velocity higher than 59 m/s (212,4km/h). For two other lengths of the wave irregularities L, the forces |Y| fi t in the range of permissible values.
Lack of support under the whole length of sleepers
Th e second analysed case refl ects the loss of support under the whole length of sleepers (see Figures 1b  and 9 ). In the tests presented, it has been modelled as a symmetrical longitudinal irregularity on both rails with parameters analogical to those used for the previously tested case (the same lengths of waves and amplitude 0.01 m). Th e observed parameters are wheel-rail contact forces for the fi rst wheelset on the right rail. It can be observed that the character of variations of the vertical force values Q, in the running velocity domain, is similar to the previously tested case, although the values are signifi cantly bigger (see Figure 10) . Th e maximum values Q max increase together with increased velocity for each track irregularity. Th e maximum Q max  390 kN occurs for L = 2.6 m. For L = 3.9 m Q max reaches 290 kN and for L = 5.2 m Q max  195 kN. Th ese values are, therefore, nearly two times bigger than those observed while passing over an irregularity under one rail. Th e minimum Q values decrease together with increased velocity. As in the previously tested case, there are characteristic running velocities for which Q min = 0. Th ey are, however, smaller than those occurring in the previous case and equal: 13 m/s for L = 2.6 m (previously 16 m/s), 21 m/s for L = 3.9 m (previously 26 m/s) and 23 m/s for L = 5.2 m (previously 32 m/s). In reality, this can mean that for a symmetrical double-rail vertical irregularity the loss of wheel-rail contact takes place for lower running velocity.
Extreme values of the lateral contact forces Y increase with increased velocity (see Figure 11 ). As previously, movement takes place on a straight track and therefore the Y force direction is insignifi cant. On the graphs, the negative values of Y min are shown as |Y min |.
It can be seen, while comparing the extreme Y values for both tested cases (see Figures 7 and 11) , that for a symmetrical double-rail irregularity the Y values are signifi cantly smaller. For the irregularity wave length L = 2.6 m lateral forces reach about 11.5 kN (previously about 40 kN), for L = 3.9 m about 8.2 kN (previously about 34 kN) and for L = 5.2 m about 4 kN (previously about 12 kN).
Th e obtained results of calculations are correlated in Figure 12 . Relating to the binding standards and regulations [7, 14] show that the permissible values of the vertical forces are exceeded while passing the irregularity for each tested length. It is the earliest for L = 2.6 m as already for velocity about 28 m/s the force Q reaches values permissible on high speed 
Conclusions
Railway routes pass sites on which proper subsoil dewatering is an important problem. Vertical irregularities may appear there as a result of insuffi cient drainage. Th e performed tests show that this can lead to an important increase in dynamic load in the case of tracks where one sleeper or more neighbouring sleepers have lost their vertical support as a result of the loss of subsoil elastic properties. Increased values of loads must be then taken by sleepers neighbouring the unsupported sleepers. Th is creates propitious conditions for the widening of zones with unsupported sleepers and further track degradation. Th e loss of sleeper support under one rail while the second rail is supported leads to the so-called track twist. Such an irregularity potentially leads to the temporary loss of wheel-rail contact and derailment, especially in the case of vehicles with high suspension rigidity on the fi rst stage of suspension. Th en, in the case of traction vehicles, traction capabilities are reduced or even lost (wheel sliding) leading to quicker wear of wheel and rail profi les [11] . Increased track load caused by the tested irregularity has a dynamic character. Th e maximum values of vertical and lateral forces grow together with increased vehicle running velocity. However, irregularity wave le ngth also has an important infl uence on the maximum values of contact forces. Th e highest values appear for the shortest irregularities (one unsupported sleeper) and decrease together with increases in irregularity wave length. Perhaps such dependability arises from the preconceived constant value for the rail defl ection amplitude for each tested irregularity length. In reality, it should be rather expected that defl ection amplitude will grow with increased irregularity wave length (higher amount of unsupported sleepers) for defi ned loads from vehicles. Verifying whether such dependability exists requires further tests.
Th e time for vehicle wheel passage over the tested irregularities is counted in fractions of a second (see Figure 5 ). Th e observed eff ects of passage should therefore be recognized as fast-changing processes. As a result, explanation is needed regarding the resolution of the observed parameters. A step in tabulation of the results is a crucial parameter for the resolution of numerical calculations. For the tests shown, simulation time was set to 15 seconds within which the calculation results were noted in 2500 tabulation rows. A step in tabulation is therefore 15/2500 = 0.006 s (time is an independent variable). Th is means that peak values (pulses) of the contact forces which last shorter than 0.006 s may be unidentifi ed in tests.
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